Solid oxide cells (SOCs) can be operated either as fuel cells (SOFC) to convert fuels to electricity or as electrolysers (SOEC) to convert electricity to fuels such as hydrogen or methane. Pressurized operation of SOCs provide several benefits on both cell and system level. If successfully matured, pressurized SOEC based electrolysers can become more efficient both energy-and cost-wise than PEM and Alkaline systems. Pressurization of SOFCs can significantly increase the cell power density and reduce the size of auxiliary components.
Page 3 hydrogen may be problematic. Hydrogen produced by electrolysis, even at higher production prices, may be implemented in certain markets due to the high purity of the produced hydrogen.
Steam electrolysis in Solid Oxide Cells (SOC) for hydrogen production was under development during the early 1980s [5] [6] [7] and has again become increasingly investigated during recent years as a green energy technology. Mainly single cells have been tested for electrolysis performance and durability, and only a relatively limited number of studies focusing on the performance and durability of high temperature electrolysis stacks have been conducted. [5] In general the stacks are found both to perform worse and also to degrade faster than single cells. [5] In contrast to this, some stacks from Topsoe Fuel Cell (TOFC) [8] [9] [10] and Ceramatec [11] has shown similar durability as single cells [12] and button cells [13] when operated at low current densities (below an electrolysis current density of 1 A cm -2 ). Pressurised operation of the SOEC stack is energetically favoured and expected to increase the efficiency by 3 to 5%. [14, 15] Although several research institutes have shown the effect of pressurisation when operating solid oxide cells as fuel cells, examination of the performance of SOECs at increased pressure has only recently been initiated. [16] [17] [18] [19] [20] [21] A significant decrease of approximately 20% in the internal resistance in both fuel cell and electrolysis cell mode of a Ni-YSZ based cell (Ni-YSZ|YSZ|LSM-YSZ) was found by increasing the pressure from 1 to 10 atm, when operated with 50% H2O -50% H2 supplied to the Ni-YSZelectrode and O2 supplied to the LSM-YSZ-electrode. [16] This decrease in cell resistance is caused by the increase with pressure of the frequency of reactants hitting the triple phase boundary and subsequently converting to products, [22, 23] as well as decreased diffusion resistance. [17, 18] The open circuit voltage was found to increase with increasing pressure as predicted by the Nernst equation. The same gain in performance is observed in electrolysis mode as compared to fuel cell mode (equal decrease in ASR as a function of pressure), but this is obscured by the observed increase in OCV. [19] Although the internal resistance of the cell was found to decrease the overall performance of the cell (operating cell voltage) was close to unchanged due to the increase in the open circuit voltage (OCV). [16] Similar trends were found in a recently published examination of the overall performance for two different SOECs as function of pressure ranging from 1-10 bar and at cell voltages from 1 V to 1.3 V. [20] Further, at stack level a similar decrease in the internal resistance of 20% was observed for a 10-cell stack when increasing the pressure from 1 bar to 6.9 bar. [17] The specific cell type was not stated in the publication. For this stack test the short term durability was also examined, in which the stack voltage increased around 5% for the first 60 hours (corresponding to an increase of around 80% per 1000 hours of operation). Hereafter the stack voltage decreased, indicating cell damage; indeed some cracked cells and broken seals were observed after test. [17] In this study we present iV curves and impedance spectra recorded with an 11-cell planar stack at pressures ranging from 1 bar up to 25 bar. The internal resistance and the OCV obtained from the measured iV curves correlates with the above mentioned trends, however the leak rate is observed to increase with increasing pressure. The stack impedance recorded at elevated pressure correlates with the internal resistance obtained from the iV curves and resembles the trends previously observed on single cells. [16] Interestingly, the pressure difference across the stack and heat exchangers decreases with increasing pressure suggesting a partially isentropic pressure drop. Finally a ~200 hour durability test was conducted at 10 bar.
Experimental

Stack Description:
The stack used in this test was produced by Haldor Topsoe A/S (Denmark). It contains 11 cells, each with an active area of 87.7 cm 2 . The anode i supported cells (ASC) consist of a nickel-yttria stabilized zirconia cermet as the hydrogen electrode, yttria stabilized zirconia as the electrolyte, lanthanum strontium cobalt ferrite oxide mixed with ceria gadolinium oxide as the oxygen electrode and ceria gadolinium oxide as a barrier layer between the oxygen electrode and the electrolyte. The individual cells in the stack are connected by coated Crofer interconnects forming a single repeat unit (SRU). The 11 SRUs are stacked between two endplates that act as current terminals. The gas is supplied from the endplates to the electrode compartments by internal manifolding in the cells and interconnects. Glass seals are used to prevent gas mixing between electrode compartments and surroundings. Pressure is not expected to affect the sealings since the stack was pressurized both inside and outside using passive pressure balancing as described below. However the gas diffusion in the porous support layer under the seals increases with increasing pressure. Further stack information is given elsewhere. [10] 2.2. Test Setup: Fig. 1A show a photo of the high pressure SOC stack test system. The left hand side of the photo shows a pressure vessel which accommodates a furnace, stack housing and manifold, heat exchangers (HEX), H2O evaporator, condensation flasks, probes etc. Feed-trough's mounted on flanges (red arrows) provides access for gas tubing, power lines and data acquisition cables to the furnace, SOC stack, sensors and gas handling equipment inside the pressure vessel. The right part of the photo shows the gas handling cabinet which houses equipment such as mass flow controllers (MFC), differential pressure sensors (DPS), reduction valves and pressure controlling systems. The safety of the system is monitored and controlled by a programmable logic controller (PLC) located in a drawer below the gas/pressure handling cabinet. Power-electronics to operate the stack in either fuel cell mode or electrolysis mode is placed below the drawer with the PLC.
The gas handling concept is shown schematically in Fig. 1B . The MFCs in the figure is labelled from a to g. N2 was used as sweep gas (with a flow rate of 300 l h -1 through MFCf) in the entire experiment. This was done to avoid potential leaks in the stack, gas piping or auxiliary components to cause accumulation of hydrogen or oxygen inside the vessel. A pressure sensor (not shown in Fig. 1B ) measures the pressure inside the pressure vessel. The pressure in the vessel is controlled by controlling the flow rate of N2 through MFCb via a PID loop which takes the measured pressure as input and the MFCb flowrate set point as output. In order to balance the pressure between the i Here we refer to the cells as SOFC cells, i.e. that the cells are supported at the negative hydrogen electrodes. two electrode compartments of the SOEC stack against the pressure in the pressure vessel, the electrode compartment exhaust gas pipes are open towards the autoclave (In Fig. 1B shown as small open-ended pipes near the condensers). This ensures practically the same pressure in the pressure vessel as in the electrode compartments. In order to avoid O2 and H2 accumulation in the pressure vessel, the MFCe and MFCg set points were automatically controlled to ensure a small flow of N2 from the pressure vessel into the fuel and air gas streams. When the SOC stack operates as an electrolyser or fuel cell it generates or consumes H2 at the negative electrodes and O2 at the positive electrodes. The MFCe and MFCg set points were automatically adjusted to compensate for these changes to maintain the small flows of N2 from the vessel into the H2/H2O and air gas streams.
The O2 concentration in the pressure vessel was monitored by a sensor (not shown in Fig. 1B) . A small amount of O2 was maintained in the pressure vessel to burn off any H2 leaking from the fuel electrode compartment, auxiliary components and gas pipes. The O2 concentration in the pressure vessel was controlled by a PID loop which has the O2 concentration as input and the flow rate set point of MFCe as output.
The inlet and outlet pressure before and after the two heat exchangers were measured against the pressure in the autoclave with four APR-2000ALW differential pressure sensors (DPS), each with a measurement range of 0 to 500 mbar ± 0.5 mbar. The pressure of the entering/exiting gas streams was measured on the cold side of the heat exchangers, just before the gasses entered/exited the HEX. The DPS's were placed outside the pressure vessel, but for simplicity the extra piping was not included in Fig. 1B . Since there is no flow in the pipes to the sensors the measurement accuracy is not affected by this. Vacuum pumps (not shown in the figure) were used to suck out the gas from MFCe, MFCf and MFCg, to ensure the stack can be operated at ambient pressure. However, since the condensers cannot be emptied at ambient pressure, the lowest pressure used in this article was 1.2 bar. Here the pressure unit "bar" refers to bar-absolute, which means in this paper 1.2 bar, i.e. 0.2 bar above atmospheric (i.e. ambient or gauge) pressure.
Although the test setup is designed for operation up to 45-50 bar, the furnace power was not configured for full power and hence it was insufficient to maintain the stack temperature above 25 bar. For this reason the stack performance was investigated from 1.2 bar to 25 bar.
The furnace temperature was measured ~1 mm above the stack and controlled by the furnace controller. The stack temperature was measured with a temperature probe placed inside a ~10 mm deep hole in the stack bottom plate.
Startup Procedure:
At start up, first the stack was reduced at 850 °C with a mixture of H2 and N2 supplied to the fuel electrode compartment. The temperature was then lowered to 750 °C for performance characterization at various pressures. During controlled pressure changes, the pressure ramp rate was kept below 1 bar h -1 and the pressure differences between the pressure vessel and two electrode compartments were below  50 mbar.
Stack iV and Impedance Measurements:
The stack performance was characterized with DC polarization (iV) curves and impedance spectroscopy. The iV curves and impedance measurements were recorded with 400 l h -1 50% H2 + 50% H2O supplied to the negative electrodes (Ni-YSZ) and 400 l h -1 air to the positive electrodes (LSCF-CGO). The total electrode area in the stack was 965 cm 2 , which gives an area specific flow rate of 0.41 l·h -1 ·cm -2 . The H2 and O2 (in the air supply) utilization at maximum current density (0.25 A cm -2 ) in fuel cell direction was 46% and 54%, respectively. The H2O utilization at maximum current density in electrolysis mode (-0.25 A cm -2 ) was also 46%. During iV curve acquisitions in SOFC and SOEC mode, a current step of ~0.01 A cm -2 was applied. Each step lasted ~50 seconds while the voltage of the entire stack and each cell was measured.
The stack impedance was measured from 25 kHz to 0.1 Hz with normal single sine wave impedance spectroscopy using a Solartron 1260 in combination with an external shunt and a voltage bias compensation system. A Kepco BOP 50-4M was used to boost the 16 mA AC current from the Solartron to 1 Ampere AC i.e. with an AC current density of ~0.01 A cm -2 . The measurement system is described further detail elsewhere. [24] From the iV curves, the area specific resistance (ASR) of the individual cells within the stack was found to be ~0.5  cm -2 . This means the voltage vibration amplitude used to record the impedance spectra was ~5 mV on the individual cells such that a linear relationship between current and polarization voltage can be assumed.
Result:
3.1. Initial Performance Characterisation: Fig. 2A shows the difference between the pressure of the inlet gas before it enters the heat exchanger (HEX) and the pressure of the outlet gas after it exits the HEX, i.e. the differential pressure across the stack and the HEX (see Fig. 1B ). The differential pressure is measured using the differential pressure sensors (DPS's). More specific, at e.g. the fuel gas side it is measured as the differential pressure measured by DPS minus the differential pressure measured by DPS, assuming that the pressure in the vessel is the same at all places inside the vessel. The differential pressure on the air-side is measured in a similar way. It is seen that the differential pressure across the stack and HEX decreases with increasing pressure. Above 10 bar, accurate measurements were prohibited by fluctuations in the differential pressure. The fluctuations were observed on both air and fuel side. The fluctuation at the fuel side was possibly due to condensation/evaporation of H2O inside the HEX. The fluctuations at the air side were mainly observed on the HEX inlet side (DPS, Fig. 1B ) and were possibly caused by pressure-induced flow-instabilities in MFCa. The error bars in the figure are taken as the DPS measurements uncertainty of 0.5 mbar. Power-law fits to the data are given in the figure. Note that the exponent for both fits deviates from one.
In Fig. 2B the temperature of the gas inside the pressure vessel is shown as a function of gas pressure inside the vessel. A linear model is seen to provide a good fit to the temperature data.
Further, the temperature in the stack is shown in the figure. The stack temperature is also fitted with a linear model which shows the temperature increases slightly with pressure. The temperature inside both the stack and the pressure vessel fluctuated a few degrees. This is most likely due to variations in the gas flows inside the stack and pressure vessel, respectively for which reason error bars of ±2 °C were used in Fig. 2B .
Stack iV curves at pressure from 1.2 to 25 bar are shown in Fig. 3 . The stack voltage was observed to fluctuate at pressures above 3 bar. The H2O evaporation temperature increases with increasing pressure which most likely explains this behaviour; above 3 bar H2O evaporation/condensation occurred outside the evaporator and condenser which caused variations in the H2O flow, thus affecting H2/H2O ratio at the cells and thus the Nernst voltage and in turn the stack voltage.
From linear fits to the iV curves in Fig. 3 , OCVm (i.e. the stack voltage at 0 A cm -2 ) was obtained. OCVm vs. pressure is shown in Fig. 4A . At 50% H2/50% H2O, the ASR in fuel cell (FC) mode is known to be slightly smaller than the ASR in electrolysis (EL) mode. [25] Unfortunately linear fits applied to either FC or EL data provided inaccurate OCVm values due to the voltage fluctuations and instead OCVm was obtained from linear fit applied to the combined FC + EL data.
The theoretical OCV, OCVth can be determined from the Nernst equation which expresses the negative cell voltage:
where o E is the standard potential, R the ideal gas constant, T is the temperature in Kelvin, n the number of electrons involved in the reaction H2O → ½O2 + H2, F is Faradays constant, o P is the standard pressure, and P is the partial pressure of the respective reactants and products. Thus for the stack, OCVth = -11·E, since the stack have 11 cells in series. From equation (1) it is seen that OCVth is linear with respect to the logarithm of the stack pressure and that the slope is In between some of the iV curve measurements, the gas at the fuel electrodes was switched to dry H2 with N2 (with flow rates ranging from 100 l h -1 to 450 l h -1 ). By measuring the stack OCV the average H2O concentration could be calculated from the Nernst equation. Multiplying the H2O concentration with the H2 flow rate an estimate of the leak rate was obtained as presented in Fig.  4B .
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The slope of the iV curves in Fig. 3 is seen to decrease with increasing pressure, indicating that the internal resistance of the stack decreases with increasing pressure. From the linear fits to the iV curves, the slope was obtained. The average cell area specific resistance (ASR) is calculated as the slope of the iV curve fits divided by the number of cells in the stack and the cell electrode area. The average cell ASR vs. pressure is shown in Fig. 4C . A power-law fit was applied to the data points and the expression for the fit is shown in the figure. The stack ASR sums both the resistance of pressure-dependent electrode reactions and pressure independent electrolyte resistances and thus a power law model cannot be expected to provide a perfect fit to the stack ASR. However, due to the limited pressure range and accuracy of the measured ASR, a more advanced model would imply undesired high uncertainties on the model values. For this reason a simple power-law expression was chosen to model the ASR.
Stack impedance spectra recorded at 750 °C at various gas compositions are presented in Fig. 5A . The spectra are corrected for 11 µH wiring inductance. The obtained impedance was divided with the number of cells (11) and multiplied with the cell-electrode active area to obtain the Area Specific Impedance (ASI) expressed in  cm 2 . The inset in Fig. 5A shows a Nyquist plot of the same impedance spectra.
Two difference plots of some of the spectra shown in Fig. 5A are shown in Fig. 5B . The green spectrum shows the difference between the imaginary parts of the impedance data recorded with O2 and air at the air-electrode while having 50%H2 + 50%H2O at the fuel-electrode and the black spectrum shows the difference between the imaginary parts of the impedance data recorded with 50%H2 + 50%H2O and 75%H2 + 25%H2O at the fuel-electrode while having O2 at the air-electrode.
Impedance spectra recorded at pressure ranging from 1.2 to 25 bar is shown in Fig. 5C . A Nyquist plot of the same spectra is shown in the inset Fig. 5C . Two large arcs are observed. The size of the high-frequency arc is seen to decrease with increasing pressure whereas the size of the lowfrequency is less dependent of pressure. From the Bode-plot in Fig. 5C , the characteristic frequency of the low frequency arc is seen to decrease with increasing pressure. Selected difference spectra are shown in Fig. 5D . The inset shows a magnification of the high-frequency part of the difference spectra and illustrates how the high-frequency arc with summit frequency around 10 kHz decreases with increasing pressure.
Durability:
After measuring the iV curves shown in Fig. 3 , leak measurements in Fig. 4B , and the impedance spectra shown in Fig. 5 , the pressure was set to 10 bar and a long-term test was initiated. The temperature was kept at 750 °C. The gas flow rates were 200 l h -1 H2 + 200 l h -1 H2O and 400 l h -1 air, and the current density was initially -0.25 A cm -2 , but later reduced to -0.18 A cm -2 . The stack voltage as a function of time is seen in Fig. 6A . OCV and ASR, measured from linear fits to cell iV curves (measured simultaneously with the stack iV curves as those shown in Fig. 3 and fitted in the same manner) are shown in Fig. 6B .
After ~60 hours of operation, the safety system triggered, causing a pressure and temperature drop which lasted 29 hours. 29 hours after the triggering event, the gas flows were re-enabled, the Page 9
furnace temperature ramped up to 750 °C at 2 °C per minute and the pressure increased to 10 bar. After this, iV curves were measured. The ASR and OCV is shown in Fig. 6B . The OCV was observed to be the same as before the ~60h electrolysis operation. The ASR increased in average 5% relative to the ASR before the onset of the durability test. Possibly the air electrodes were partially reduced by the triggering event which could explain the increase in ASR.
After the measurement of the iV curves, the durability test was resumed. Unfortunately after ~35 hours the steam generation system began to cause problems: A malfunctioning of a water pressure stabilization system gradually escalated over the next 38 hours causing increasingly severe stops in the steam supply. The power supply had a maximum voltage of 20V, so due to steam starvation the stack voltage several times during these 38 hours, specifically during the last 5 hours, went up to 19V.
After the steam-starvation, the pressure stabilization system was repaired and the steam supply re-enabled. Before the durability test was resumed, iV curves were measured. The OCV and ASR are shown in Fig. 6B . The OCV is seen to be similar to the previous OCV measurements for all cells, but the ASR has drastically increased, in particular for the cells with highest number corresponding to the cells farthest away from the gas inlet.
After recording iV-curves the durability test was resumed, however at a lower current density of -0.18 A cm -2 to keep the individual cell voltages within a safe operation window. At 165h a short controlled service of the H2O pressure fluctuation damper was conducted to ensure continued stable operation of the steam supply system. The stack voltage after resuming electrolysis operation is comparable with the stack voltage before the service, which means -as expectedthe service event did not affect the stack performance. Unfortunately just before the durability test reached 200 h, the stack experienced steam starvation again. This time, it was because the safety system triggered due to a control-logic issue. Unfortunately one of the cells cracked due to this last steam-starvation event and the durability test couldn't be continued.
Discussion:
4.1. Differential Pressure:
In Fig. 2A , the pressure across the heat exchanger and stack is seen to decrease with increasing pressure. Based on HEX manufacturer calculations the pressure drop across the HEX is estimated to be less than 20% of the total pressure drop. The exponents obtained from power-law fits to the data were -0.74 and -0.85 for the air and fuel side, respectively. As described in detail in the Appendix, an isentropic pressure drop across the HEX's and stack can be expressed as
where K is a pressure independent constant and where  is the ratio of specific heats of the gas (i.e. be compared with the experimentally found values presented above, i.e. -0.74 and -0.85 for the air and fuel side, respectively. The experimentally found values are closer to -1 than the theoretical values possibly because the assumption of an isentropic pressure drop is not satisfied for the HEX where the gas experience extensive heat exchange during the passage. However, since the pressure drop across the stack is estimated to be more than four times greater than the pressure drop across the HEX, this could explain why the pressure drop across stack + HEX exhibit quasi isentropic behaviour.
The decrease in the differential pressure with increasing pressure can help relaxing the constraints on the dimensions of the gas-channels inside the stack which could potentially open up for new designs with higher contact areas between the various layers in the stack, thereby decreasing the ASR and degradation issues due to interconnect/cell contact loss.
Vessel Temperature vs. Pressure:
The pressure vessel is water cooled, which means the surface temperature of the inner walls in the pressure vessel can be assumed to be fairly independent of temperature. Thus, the linear increase in the temperature of the gas inside the pressure vessel is related to increasing heat dissipation from the furnace with increasing pressure. This also explains why the furnace couldn't maintain the stack-temperature above 25 bar, i.e. the heat dissipation above 25 bar exceeded the furnace power.
Fans circulate the N2 inside the pressure vessel. This is to ensure no hot-spots develop which could compromise the mechanical strength of the vessel and pose a safety issue.
Convective heat transfer of N2 was recently studied with heat exchangers in the pressure range from 5 -30 bar and gas temperatures up to 300 °C. [27] The N2 heat transfer coefficient (with the dimension W m -2 K -1 ) exhibited a quasilinear increase as function of the gas pressure, i.e. similar to the trend observed in Fig. 2B . Yang et al. [27] ascribed the pressure-dependency of the heat transfer coefficient to be dominated by the pressure-dependent change in the gas density. They observed a 200% increase in the convective heat transfer coefficient when increasing the pressure from 5 bar to 30 bar.
Using the expression shown in Fig. 2B for the temperature inside the vessel, the temperature at 30 bar is estimated to be 110 °C. At 5 bar, it was measured to be 54°C. The autoclave cooling water temperature was around 22 °C which gives a temperature rise of
e. a relative temperature increase of 175%, which is in reasonable agreement with the pressure dependency of the heat transfer coefficient reported by Yang et al. [27] . Further, the furnace insulation is about 10 cm thick, so radiation heat dissipation can be neglected and thus the furnace heat dissipation is supposed to be dominated by convection.
OCV vs. Pressure:
OCVm was seen in to increase quasi-linearly with the logarithm of the pressure, but with a smaller slope than the theoretical slope. From the linear fit a slope of 0.20 V (Fig. 4A) In a previous test conducted by some of the same authors on a similar cell to the ones used in the tested stack, also with 50%H2 + 50%H2O to the fuel electrode but operated at 800°C and with O2 to the air electrode and gas pressures ranging from 1-15 bar, OCVth -OCVm was only 0.6 mV at 1 bar and the pressure dependency slope was 22.3 mV i.e. close to the theoretical slope of 23.0 mV. [19] Further, in another test on a similar cell conducted by some of the authors, also with 50%H2 + 50%H2O to the fuel electrode and at 750 °C but with O2 to the air electrode, and with pressures ranging from 0.4-10 bar, OCVth -OCVm was as large as 9 mV at 1 bar, and the pressure dependency slope was 16.5 mV i.e. deviating substantially from the theoretical slope of 22.0 mV. [16] The difference between OCVth and OCVm measured at ambient pressure vs. the difference between the pressure-dependency-slopes obtained in this work and reported previously [16, 19] is presented in Fig. 7 . The values are fitted using a straight line crossing (0,0). Fig. 7 shows that OCVth -OCVm at 1 bar is more or less proportional to the difference between the observed and theoretical OCV pressure dependency slope. This provides interesting information about the type of leak. Electronic leak would be pressure-independent i.e. it does not contribute to difference between the observed and theoretical OCV pressure dependency slope. Specifically, a purely electronic leak will be placed on the vertical line crossing the x-axis at 0 mV in Fig. 7 . This is in agreement with previous findings by Rasmussen et al. where electronic leak was estimated to contribute with less than 2% of the total leak. [28] Instead Rasmussen et al. found that electrolyte pin-holes and gas leaks at the glass seals were the main leak-contributors. It should be noted that the cell test geometry used by Rasmussen et al. differs from the geometry of the tested stack. Specifically the size of the cell area relative to the seal area is different. Rasmussen et al. used a cell with 16 cm 2 electrode area. In contrast the electrode area of the cells used in the stack was 87.7 cm 2 . Note however that the internal manifolding in the stack increases the seal area.
If the leaks were controlled by binary gas diffusion through electrolyte pin-holes and through the porous layers at the seals, the oxygen flux from the air-electrodes to the fuel-electrodes would be pressure independent. Likewise the hydrogen flux from the fuel-electrodes to the air-electrodes would be pressure independent. This means leaks due to binary gas diffusion processes would also be placed on the vertical line crossing the x-axis at 0 mV in Fig. 7 . In contrast to electronic leaks and binary gas diffusion leaks, Knudsen diffusion of O2 from the air-electrode to the fuel electrode, and of H2 in the reverse direction through electrolyte pin-holes and through the porous layers at the seals surrounding the internal manifolding will increase with increasing pressure.
Finally, both OCVth -OCVm at 1 bar and the difference between the observed and theoretical OCV pressure dependency slope scales with the amount of electrolyte pin-holes and the size of the gas leak through the layers at the seals surrounding the internal manifolding, i.e. it can explain the linear dependency observed in Fig. 7 . For this reason data presented in Fig. 7 indicate that the leak is affected by Knudsen diffusion.
Importantly, Knudsen diffusion of O2 from the air-electrode to the fuel electrode is proportional to P, which means Knudsen diffusion would imply non-linear behaviour of OCVm vs. log(P) in Fig. 4A . With increasing pressure the total diffusion becomes dominated by binary diffusion since the mean-free path for binary diffusion is proportional to P -1 whereas the mean free path for Knudsen diffusion is pressure independent. Such a partial shift from Knudsen diffusion to binary diffusion could explain the quasi-linear relation between OCVm vs. log(P) (Fig. 4A ) while observing the difference between the observed and theoretical OCV pressure dependency slope.
Although errors in the flow-rate (e.g. due to poor calibration of the MFC's) have least impact on OCVm at 50% H2 + 50% H2O (since at these concentrations the slope of the Nernst equation is smallest), it should be noted that deviations between the flow rate reported by the MFC and the actual flow rate could change OCVth thus affecting the observations shown in the figure. However if the flow-rate errors are constant during the pressure variation experiments the error will only affect the vertical position of the data points in Fig. 7 , i.e. the flow-rate error will not move the xaxis position.
Inserting OCVm/11 in the Nernst equation (1) an estimate for the actual H2 and H2O ratio at the fuel electrodes and thus the H2O leak rate can be obtained. At 20 bar this leak rate is almost eight times higher than the leak rate observed with the H2 + N2 supply (Fig. 4B) i.e. clearly indicating problems with the MFC calibration which was possibly related to the poor stability of the steam supply.
Both Fig. 4A and Fig. 4B shows that the leak rate increases with increasing pressure indicating that part load operation of the stack could be unattractively inefficient at high pressure unless leak rates are further decreased by e.g. improved sealing and/or thicker electrolytes.
ASR vs. Pressure:
The ASR was seen to decrease with increasing pressure in Fig. 4C and the same trend was observed by impedance spectroscopy in Fig. 5C and the inset therein. The same trend has been observed previously on stacks, single cells and electrodes. [16, 17, 19, 23, 29] A small increase in the ASR is seen from 20 bar to 25 bar. This is most likely caused by a slightly lower stack temperature at 25 bar than at 20 bar (Fig. 2B) because the furnace couldn't provide enough heat to maintain the stack-temperature at 750 °C above 25 bar.
However, it should be noted that due to the gas leak (which increases with pressure), the temperature inside the stack will be higher than that of the environment. Since the stack Page 13 temperature was measured in a hole in the stack bottom plate, the temperature increase in the core of the stack due to the leak is not known and therefore not further discussed in this paper.
Impedance vs. Pressure:
The peak around 1-2 Hz in Fig. 5A is seen to be affected by the gas composition at both electrodes which is also illustrated by the gas-shift-peaks in Fig. 5B . The peaks and the related low-frequency arc in the inset in Fig. 5A is usually attributed to gas conversion at the fuel electrode. [30] However, in a plug-flow geometry gas diffusion and conversion is known to be coupled [25, 31, 32] and rather than speaking of either diffusion or conversion, one should refer to the term gas concentration impedance. [33] The coupling is sometimes observed as an increased conversion resistance with increasing diffusion resistance due to the altered gas composition at the active electrode. [25] Further, it is important to distinguish between Knudsen gas diffusion and binary gas diffusion in the fuel electrode support layer. A comprehensive analytic description involving the dusty gas model have recently been provided by Fu et al. [34] Obviously, when the spectra are recorded with oxygen to the air-electrode binary gas diffusion doesn't contribute to the impedance of that electrode. When air is supplied to the air-electrode both binary gas diffusion and Knudsen gas diffusion will contribute to the impedance, although on hydrogen electrode supported single cells the contribution from air-electrode is expected to be small compared to the contribution from the fuel-electrode. [18, 34] On single cells, switching from air to oxygen have been shown to affect distribution of relaxation-time (DRT) deconvolutions of impedance spectra at around 10 Hz. [35] Due to the difference in geometry between single cells and stacks this could possibly be the same process that affects the stack impedance at a characteristic frequency around 1-2 Hz.
Further, a peak around 600 Hz is seen in the difference spectra in Fig. 5B when shifting from air to O2. The related electrochemical reaction is known to be sensitive to the oxygen partial pressure [35] [36] [37] and has previously been ascribed to dissociative adsorption/desorption of O2 combined with electrochemical reduction/oxidation and transfer of oxygen species at the TPB. [23, 38] It was not possible to see from the difference spectra in Fig. 5D whether the oxygen-electrode process at 600 Hz was affected by pressure, but it is assumed that the related resistance also decreases with increasing pressure, as observed in previous pressurized electrode experiments. [23, 29] The difference spectrum in Fig. 5B for the shift in the H2O composition has a peak around 6 kHz in agreement with previous observations on Ni-YSZ-electrodes. [35] [36] [37] The related process has been proposed to be charge transfer between YSZ and Ni and diffusion of charged species at the TPB. [39, 40] The spectra in Fig. 5C and the difference spectra in Fig. 5D show that the size of the 6 kHz arc decreases with increasing pressure.
The spectra in Fig. 5C and the inset therein show that the size of the gas concentration arc is close to be unaffected by pressure in agreement with previous findings. [16, 19] Further, the summit frequency of the gas concentration arc shifts to lower frequency with increasing pressure. Based on the ideal gas law, a P -1 -depencency of the summit frequency of the gas conversion arc is previously predicted for the fuel electrode. [30] A similar continuous stirred-tank reactor (CSTR)-model would predict a P -1 -depencency for the summit frequency of the oxygen (in air) conversion arc at the air-electrode. The resistance related to gas conversion and binary gas diffusion is predicted to be independent of pressure. [30, 41] Although several individual processes could be resolved in Fig. 5 , modelling of the impedance data (in particular the high-frequency part of the impedance) with a high-fidelity equivalent circuit was not possible due to the considerable inductance and uncertainty in determining the ohmic resistance.
However, from a rough batch fitting of the spectra in Fig. 5A , the stack inductance and the average ohmic resistance was estimated to 11 µH and 0.24  cm 2 , respectively. A more reliable impedance measurement at similar operating conditions (but only at ambient pressure) on a stack with similar foot print, cell and IC type, but with different positioning of the current rods and voltage probes provided much more reliable high-frequency data and in turn improved precision in the estimation of the ohmic resistance which was estimated to be 0.26  cm 2 .
[42]
Instead of modelling the full spectra, the low-frequency gas concentration arc was modelled with an (RC)-circuit. Here only the low-frequency part of Z'' ( Fig. 5A ) with values below -0.016  cm 2 was modelled. The spectra were fitted individually, i.e. the data was not batch fitted. The resistance and summit frequency
is shown in Fig. 8A . In equation (3) R is the area specific resistance and C is the area specific capacity. The resistance data was fitted with a power-law expression and the exponent was 0.04. The size of the gas concentration resistance was found to be 0.13  cm 2 at 1 bar. The positive exponent of 0.04 deviates from the expected pressure-independency of gas conversion [30] and binary gas diffusion. [41] The increase in gas concentration resistance with increasing pressure from 1 to 25 bar is most likely caused by the improved electrode performance with increasing pressure. This is because the increased electrode performance increases the local current density near the gas inlet while decreasing the local current density near the gas outlet, as described in detail elsewhere. [32] This shifts the gas concentration impedance away from "Plug-flow" behaviour towards "CSTR" behaviour, [32, 43, 44] noting that the size of "CSTR" resistance is twice that of "Plug-flow" resistance. [44] The summit frequency data in Fig. 8A was also fitted with a power-law expression. The obtained exponent of -0.90 deviates from the a pressure dependency of -1 which would be expected from simple gas conversion CSRT considerations. [30] Momma et al. investigated button cells at pressures ranging from 0.1 to 10 bar [18] and noted that "The time constant calculated from low frequency arc is exactly proportional to pressure at high pressure region, although it became rather saturated at lowest pressure presumably because of the effect of diffusion in porous media", and later that "Under de-pressurized conditions, Knudsen diffusion became predominant as compared to molecular diffusion". A coupling between gas conversion in the gas channels and Knudsen gas diffusion in the porous support layer and electrode could explain why the exponent derived in this work deviates from -1. This is because for normal operation conditions, the diffusion process is known to have a summit frequency about a decade higher than the gas conversion process, such that when Knudsen diffusion become important at the lowest pressure, the relative size of the diffusion resistance to the conversion resistance increases, thereby shifting the summit frequency for the combined gas concentration impedance to higher frequencies, thus counter-acting the decreasing summit-frequency of the gas conversion process. In other words, when the diffusion process resistance increases (with decreasing pressure, at the lowest pressures where Knudsen diffusion become important) it will increase the characteristic frequency of the coupled gas concentration (gas conversion + gas diffusion) arc, thus moving the pressure dependency of the gas concentration arc from the expected -1 (with gas conversion + binary gas diffusion) towards the observed -0.9.
The pressure dependence of the electrode reactions (the size of the high-frequency arcs on both the fuel-electrode and the air-electrode) can be estimated the following way. The sum of the resistances of the mid-and high-frequency arcs can be estimated as the average cell ASR obtained from the iV curves in Fig. 3 minus the series resistance (0.24  cm 2 ) and gas concentration resistance (0.13  cm 2 ) obtained from impedance spectra fitting above. Here we ignore the small pressure dependency of the size of the gas concentration impedance observed in Fig. 8A . The data is plotted in Fig. 8B . The exponent of the power-law fit is -0.31. It has previously been observed that charge transfer limited reactions involving dissociative adsorbed oxygen at low coverage on composite LSM/YSZ-electrodes exhibit a -0.25 exponent [23] . The total pressure dependency of an LSM/YSZ electrode was recently reported to exhibit a -0.17 exponent dependency [29] . A -0.27 exponent behaviour have been found for the PH2O dependence for Ni-YSZ electrodes. [45] The observed power-law dependency of -0.31 for the electrode ASR seem to correlate reasonably well with these observations. A possible reason for the slightly higher dependency in this study might be caused by the general temperature increase in the stack with pressure (Fig. 2B ). This is supported by the fact that the resistance in Fig. 8B increases slightly when the pressure increases from 20 bar to 25 bar which correlates with the small temperature decrease when going from 20 bar to 25 bar (Fig. 2B ).
Durability test at 10 bar:
The stack voltage as function of time at constant-current electrolysis operation at 10 bar is shown in Fig. 6 . The stack voltage fluctuations are due to the H2O flow-instabilities caused by the poor control of H2O evaporation/condensation at 10 bar. No gas cleaning [46] was applied to the gasses before they were led to the stack.
After ~60 hours of operation, the oxygen content inside the pressure vessel increased above 2.3% which triggered the safety system. Consequently the safety system shut off the stack current, opened a safety valve which vented the pressure vessel, set the gas flow on MFCa, MFCc and MFCd to 0 l h -1 , and at the same time cut the power to the furnace (Fig. 1B) . This caused the furnace temperature to drop to 100 °C within 20 hours and the pressure to drop from 10 bar to 1 bar within 4 minutes. The vacuum pumps placed downstream of MFCe, MFCf and MFCg further reduced the pressure to ~0.2 bar over the next ~20 minutes. This condition lasted for the next 29
hours. During the 29 hours a small 12 l h -1 H2 flow through MFCb kept the fuel electrode reduced. 29 hours after the triggering event, the gas flows were re-enabled, the furnace temperature ramped up to 750 °C at 2 °C per minute and the pressure increased to 10 bar. After this, iV curves were measured.
The OCV was observed to be the same as before the ~60 h electrolysis operation and triggering event and only an average ASR increase of 5% was observed, indicating that no cells cracked due to the event. This is possibly because the Ni in the fuel electrodes was kept reduced during the pressure and temperature drop event by the small 12 l h -1 H2 flow. In contrast to this, the steam starvation occurring after ~95 h electrolysis operation caused a dramatic ASR increase in particular in the cells farthest away from the gas inlet (those with high cell number). This is possibly because the YSZ in the electrolyte and fuel electrodes got damaged by the high cathodic over-potential.
(The stack voltage went up to 19 V which is equal to 1.7 V in average per cell).
Within the ~200 h durability test shown in Fig. 6 the degradation rates seem to be in the order of 1 to 3 V kh -1 . Although the degradation rates seem to decrease with time, it should be stressed that the relatively short durability of the test and the several interruptions within the ~200 h operation pose a high uncertainty on the measured degradation rates. Also, a decrease in current density generally decreases the degradation rate. However the decrease in current density after ~95h electrolysis operation was accompanied by an increase in the polarisation voltage due to the increased ASR, and degradation rates tend to increase with increasing polarisation voltage.
In short it is not known from the presented pressurized electrolysis test whether the initial degradation decreases after the first few hundred hours of operation, although ambient stack tests indicate this: Investigations with a similar HTAS stack operated at ambient pressure and 850 °C exhibited degradation rates which levelled off after the first 500h of operation to around 0.04 V kh -1 per cell corresponding to ~0.44V kh -1 degradation for an 11-cell. [8] . On cell-level initial degradation or temporal passivation lasting several hundred hours of the Ni-YSZ-electrode operated in H2-H2O mixtures have previously been observed and was related to gas phase impurities including Si species blocking the triple phase boundaries (TPB). [47] [48] [49] The evaporater (Fig. 1B) was supplied with reverse osmosis water. Although the water is evaporated before it is sent to the stack it is believed that some impurities would be carried with the gas which could cause degradation of the Ni-YSZ TPBs. Another impurity source is the H2 gas.
Gas purification have previous been demonstrated to significantly decrease the electrode degradation. [46, 49] but was not applied in this test. Gas purification does not remove degradation by Cr-species from the interconnects (ICs).
[50] Depending on the mechanism, deposition of impurities can be increased with increasing pressure. Increased mobility of Ni or higher IC corrosion rates due to the higher steam-partial pressure could also be present.
Conclusion
A planar 11-cell solid oxide stack was characterized in both fuel cell mode and electrolysis mode at elevated pressure from 1.2 bar to 25 bar with 50% H2 + 50% H2O to the Ni-YSZ-electrodes and air to the LSCF-CGO electrodes. Subsequently the stack was long-term tested as a steam electrolyser for ~200 hours at 10 bar. The main conclusions from the stack operation were:
 The differential pressure across the stack and heat exchangers (HEX's) decreases with increasing pressure following a power-law relation. The power-law exponent was -0.85 for 50%H2 + 50%H2O and -0.74 for air indicating a partially isentropic pressure-drop across the stack.  The furnace heat dissipation increases linearly with pressure suggesting that the heat dissipation from the furnace to the interior of the pressure vessel is dominated by convection.  The measured OCV increases quasi-linearly with the logarithm of the pressure in the investigated pressure range. A systematic deviation of the pressure dependency between the theoretical and measured OCV was observed and compared with literature findings. The leak rate increase with increasing pressure is possibly related to competing Knudsen and Binary gas diffusion leaks through electrolyte pin-holes and through the porous layers at the seals. The increasing gas leak with increasing pressure could possibly make partial load operation of the stack less efficient and attractive at high pressure unless cells and seals optimized for highpressure operation, i.e. with decreased leak rates are used.  From impedance measurements the resistance of the gas concentration arc was seen to follow a P 0.04 dependency and the summit frequency a P -0.9 dependency. The resistance dependency of P 0.04 can possibly be explained by pressure-induced changes in the electrode current distribution. The summit frequency dependency of P -0.9 deviates from P -1 which is expected from the theory of gas conversion in the gas channels. Knudsen gas diffusion in the porous support layer and electrodes can possibly explain this deviation.  As earlier reported in the open literature, the ASR was observed to decrease with increasing pressure. Subtracting the gas concentration resistance and the Ohmic resistance, the electrode resistance was found to follow a P -0.31 dependency. The pressure dependency is slightly higher than what is previously reported. An observed trend of increasing stack temperature of a few degrees when increasing the pressure from 1.2 bar to 25 bar can most likely explain why the pressure dependency was slightly higher in the present study.  The stack was operated as a steam-electrolyser for almost 200 hours. During the electrolysis operation the stack survived a pressure-and-temperature cycle. Contrary to this, steam starvation combined with a high average cell voltage around 1.7V severely damaged the stack and eventually cracked one of the cells.  The initial degradation rates for the 11-cell stack were around 1-3V kh -1 . The degradation rate could possibly level off after some hundred hours which calls for stable long-term tests of SOEC stacks beyond 200 h operation. Fig. 1 A) Test facility developed at DTU Energy for pressurized SOC stack testing. B) Outline of the test facility gas handling concept. Fig. 2 A) P across stack and heat exchangers as a function of the gas pressure. B) Temperature of the N2 inside the pressure vessel and stack temperature as function of gas pressure. Fig. 3 iV curves recorded with a 11-cell planar HTAS Delta stack at 750 °C w. air and 50% H2 + 50% H2O. Fig. 4 A) OCVm as function of stack pressure, and theoretical OCVth (thick line). Expressions for OCVth and linear fit to OCVm vs. log are shown in the figure. B) H2O leak rates calculated from OCV measurements recorded between some of the iV curve measurements in Fig. 3 . The OCV measurements were obtained with dry H2 + N2 to the fuel electrodes and air to the air electrodes. C) Average Cell ASR calculated from the slope of the iV curves in Fig. 3 as function of stack pressure. The line is a power-law fit to the data points. Cell OCV and ASR calculated from linear fits of cell iV curves similar to the stack iV curves in Fig. 3 , obtained at three different instances: Before EL test, after a pressure and temperature cycle and after a steam starvation incident. Fig. 7 Difference between theoretical OCV (OCVth) and observed OCV (OCVm) per cell at ambient pressure, as function of the difference between the slope of the pressure-dependency of OCVm and OCVth. The value obtained in this work is compared to values reported in previous studies. Fig. 8 A) Resistance and summit frequency fs for the gas concentration impedance obtained by modelling the imaginary part of the low-frequency arcs of the spectra in Fig. 5A (inset) using an (RC)-model. Power-law functions are subsequently fitted to the obtained data points. B) Electrode ASR calculated from Fig. 4C minus a series resistance (0.24  cm 2 ) and a gas concentration resistance (0.13  cm 2 ). A power-law fit is applied to the electrode ASR and the equation is given in the figure.
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